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ABSTRACT >

The electrical and thermal properties of monocarbides
of the IV and V group monocarbides are investigated, and
differences between carbides associated with the electron
collective state, resulting from differences in effective
valences of transition metals; are found. DProperties of

these carbides show similarities in lattice dynamics.
AUTHO R

The refractory carbides of the IV and V group of metals display metallic
properties (ref. 1) and present a great interest as materials for certain parts
of termoelectric transducers. In the work of Bowman (ref. 2) it was reported
that zirconium carbide is used for production of cathodes for thermoionic
transducers. The electric and thermophysical properties of transition
metal carbides were recently investigated by a number of authors (ref. 3);

however, there is only a limited number of investigations of the {2376
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dependence of these properties on the carbon content of these phases (refs. 4-6)
and in the majority of cases the reported properties of carbides are more ef or
less randomly ascribed to stoichiometric composition.

TABLE 1. BOUND CARBON CONTENT IN NIOBIUM AND ZIRCONIUM
CARBIDES AND SOME PROPERTIES OF THE INVESTIGATED COM-

POSITIONS.

Me'ra:mn-' Coacpranne . DneKTpo- Tensonpo- Col. 1 - Metal component
mock | Comrnona. | ST A% | COMROTHRTE | pormocth | (aimmen 2 - Bound carbon con-
neuT (aTomH. %) (2 - cw)- 100 | (Wi - rpaz) tent (atom. %)

1 o 3 I 5 6 3 - Composition of

476 NbCy 08 89.8 112407 | —5540.3 MeC, phase
46.4 NbCy g55 135.2 107516 | —58+0.6 . )
Nb { 447 NbCy_ g0 151.9 102+1.2 | —3.4+04 4 - Electric resistance
l 4345 NbCq 759 150.0 97407 | —2.4%04 (Q-cm)-10-6
e | mam ) ) SO e et
X LTlg 008 R S 0 ol —0.01 V., . .
450 ZrCy po 1236 | 103%10 | —37%03 ity (W/m-deg)
Zr 43.0 ZrCo.736 130.2 11.0¥03 | —25%306 6 - Thermal emf
518 ZrCo.118 135.0 9.4¥09 | —07%0.2 (WV/deg)
386 | ZrCoges 166.2 82%09 | +0.1%0.3

In this work we investigated electric conductivity, thermal conductivity
and thermal emf of zirconium and niobium carbides (ZrCX and NbCX) in the region
of their homg geneity at 0.6 - 0.7€ x< 1. The carbide specimens were pre-
pared by pressing and sintering of powder mixtures close to stoichiometric com-

position of carbide and appropriate metals‘(ref. 7). Sintering was carried out

4 2 mm pressure and 2200 - 2400° C. The

in a TVV-4 vacuum furnace at 10 - 10~
content of bound carbon in alloys is givenlin Table 1. The porosity of the ob-
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:
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talned samples was 5-15 percent. Fiéure 1 shows,carbide specimens.
X-ray diffraction analyses have shown that all these alloys consist of a
single phase and have face-centered cubic NaCl type lattice. The lattice

periods are smoothly decreasing with decrease of the carbon content in this
i
RLE!

phase from 4.455 kX for NbCO.908 to 4.623 kX for NbC and from 4.673 kX for

0.710
fvrom
ZrCO.9o3 to Lk.648 kX for ZrCO.628 with slight positive deviation fewrm a straight

line relationship.



Figure 1. Microstructure of some of the investigated alloys;

a--ZrCO'9O3, b—-ZrCO.623, c--NbCq gpg etched in HNO3+HF, mag-~

nification 800 x.

Measurements were made of the resistivity, absolute differential thermal
emf and thermal conductivity coefficient on the obtained specimens at room
temperature. The resistivity measurements were done by the d.c. compensation
method. The correction for porosity of specimens was done using the 0Odel-
evskiy formula (ref. 8). The obtained values of resistivity of alloyé are
given in Table 1.

The error of measurements, including porosity correction, comprises 6
percent. The thermal conductivity of specimens was measured by the stationary
thermal flux method using the device in which the determination of the thermal
flux.is done by means of thermal emf, developed by parallel plates made of a
semi-conductor between which the measured specimen is inserted. The same set-
up was used for the determination of the absolute differential thermal emf
using the alumel branch of the chromel-alumel thermocouples as the reference

electrode. The temperature gradient was measured between the hot and the cold

ends of the specimen.




The correction for the effect of the porosity of specimens on the thermal

conductivity coefficient was introduced by means of a simple relationship

(ref. 9)
. ;
o (T -p)

where XO and A represent thermal conductivities of solid and porous specimens
P
respectively, and the porosity of the porous specimen is represented by P.
The obtained values of thermal conductivity co§fficients and thermal emf

for the investigated alloys are shown in Table 1.
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Figure 2. Resistivity p (uQ-cm) as a function of carbide

content (1 - x) carbides: 1 - NbC,, 2~ ZrC,, 3- TaCy
(ref. 5), 4- Tic, (ref. k).
Figure 2 shows the relationship of the electrical conductivity of ZrCX
and NbCX carbides and the carbon content in carbide phases. This latter quantity
is expressed as (1 - x), the deficiency of carbon in the MeC, formula as com-
pared with stoichiometric composition of MeCl.O, The comparison of the same
graphs shows the appropriate relationships for TiC_ (ref. 4) and TaC, (ref. 5).

Our attention is drawn to the fact that with increase of (1 - x) the electrical



conductivity of carbide of the IV group of metals (Ti, Zr) increases almost
linearly, while the carbides of the V group of metals (Nb, Ta) a more complex
practically parabolic relationship is noted. The increase of the electrical
conductivity of MeCX carbides with decrease of the content of carbon in them,
the results on one hand in scattering of current carriers to vacancies in the
carbon sublattice, while on the o;her hand i£ results in the increase of the
cross section of thermal scattering of current carriers due to decrease of the

interatomic bond strength. This is indicated in figure 3 by decrease of the

modulus of elasticity M. 4 92 of carbide phase of the MeCX composition with in-

crease of (1 - x). Here Mred represents Fhe reduced molecular weight of metal
and carbon considering their relative content iiiMeCX "molecule" and 6 is char-
acteristic temperature, calculated from the melping point and the average

principal quantum number of the éomponents of the alloy. Th? decrease of the

strength of interatomic bonds in MeCX alloys with the decrease of carbon content

is also indicated by the increase of thermal expansion characteristics.¥*

Neglecting the residual electrical resistance in the absence of carbon

vacanclies, the resistivity of MeCy4 alloys (p) may be represented in the form

Py =P = Py (1)

where Py and p, are electrical resistancesdue to the scattering of current
carriers on thermal vibrations and on carbon vacancies respectively.
The accurate calculation of pv is an extremely complex problem. In order

to approximate this quantity use is made of quantity Ap; = 20 w&-cm/at. percent

¥Thus, for instance. for MeCX carbides the thermal expansion coefficient increases

6

from 6.2:1076 deg  for NbC, g tO 6.8:10° deg™! for NbC

98 0.7
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Figure 3. Modulus of elasticity [(Mred 92)'10 ]
of carbides as a function of their composition

(1 - x); carbides: 1~ $iC,, 2- ZrC,, 3- TaC_,

- NbC_.
x

of the vacancies reported in reference 16 for the increase of the electrical
resistance of metallic niobium at the expense of vacancies in the lattice
nodes of Nb. Since the scattering cross section, determined by the lattice

defect of the radius r, is proportional to r® (ref. 17) we may assume that

. .
C AN
8" \rwp /)

where rC/rNb is the ratio of the atomic radii of carbon and niobium. From

(c)

this ratio we obtain Apv ~ 5 pQ-cm/at percent of carbon vacancies and we

assume that this quantity is approximately the same for all of the considered
MeCX carbides. According to the Nordheim rule (ref. 17) at low concentrations
of impurities (up to 20 at. percent; in this case carbon vacancy impurities)

in formula (1).



where ¢ 1is the concentration of carbon vacancles.
v
Due to thermal changes the electrical resistance of metal substances de-~
pends on the density of the state q (e¢) in the conducting zone, the velocity

2

of current carriers V(e) and the relaxation time 1 (¢, M 85, T) (ref. 18).

——

2 . T ) ‘
p_r-.=—l3—. V‘2-(e)q'l(e)t'1-(e, M0, T)‘ (2)

At constant temperature

PT'M92=)’(=)."~ (3)

In regard to f(e) one may say only that for real metals it is apparently
a power function of the energy of electrons e€ (ref. 19). The accurate deter-
mination of f(e) ~ 6_3 is possible only in the cases of free electrons and in

the presence of only one zone. Combining equations (1) and (3) we obtain

e =(p—pé)M¥ggz.§ (%)

ra

Figure L4 shows the dependence of (p - pv)'Mred 6% on the deficiency of il

carbon in MeCX carbides of Zr, Nb, Ti and Ta.

It can be seen that this quantity which depends on the state of electron
conductivity is a decreasing function of the content of metals of the IV group
(Ti, Zr) in carbides and passes through a maximum which is located in the homo-
geneity region of carbides of group V metals (Nb, Ta).

The position of this maximum is not rigorously obeyed as it depends on
the accuracy of the evaluation of Apv(C) which in this work is done very approxi-
mately. However, the observed difference in the concentration dependence of

function (h) for carbides of the IV and V groups 1is very characteristic and it

indicates the significant difference of the nature of the electron structure of
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Figure 4. Dependence f (¢) = [{(p - pv) M 92]-108
and ¢ (e) = a(ul'/deg) on composition of carbides
(1 - x). carbides: 1~ TiC,, 2- ZrCy, 3- TaCX,

k- NbC .
X

carbides of groups IV and V despite their crystallographic similarity which was
noted earlier during the comparison of the thermodynamic properties (ref. 20) and
during the investigation of the possible number of neighboring carbon vacancies in
the carbide lattice (ref. 21). It was shown in ref. 22 that the maximum metallic
valence of transition metals is approximately 5.8. According to refs. 23 and

2l  carbon atoms in carbides transfer part of their valence electrons to fill
electron defects in the unfilled d-shells of metales, thus increasing its effec-
tive valence. One may assume that carbon atoms are capable of transferring not
more than one outer electron, if one considers the magnitude of their first and
second ionization potential. In such a case in carbides of group IV metals

even with maximum content of carbon (MeCy o) the valence of metal (S 5) is not

a.
mdximal, and when the carbon content is lowered the number of metal bonds, formed




by the electron collective, their energy ¢ and T (¢) decrease. 1In the case of
group V metal carbides during stoichlometric composition MeCl.O the valence
metal (< 6) is apparently greater than the maximum possible valence 5.8, and
the excess electrons occupy the antibonding state. In all probability this
results in the shift of the upper boundary of the homogenelty region of group

V carbides towards a lowered content of carbon than MeC:L 0* This shift increases

with increase of the acceptor ability of the d-shell of metal (refs. 23, 25) from
TaC_ to VC, (refs. 13, 14, 26). Consequently, it is worthwhile to note that
transition metals of the IV group do not form stable monocarbides with NaCl
structure at all (ref. 3). If one considers that the carbon atom in carbides
contributes approximately one electron then the maximum metallic valence in
carbides of group V and the appropriate maximum of f(e) will be reached when the
composition of carbide is MeC , o, i.e., inside the homogeneity region of the
MeVCX phase, which in fact is observed on graphs showing f(e) = (p - pv)‘M 92
as a function of (1 - x) (fig. 4). On the basis of these developed concepts it
is possible to find an explanation for the fact that in hTaC-géé'and Lkrac.zrc
(Tao.g Eéo,gc and Ta0.8 Zro,gc) solid solutions with effective metallic valence
of approximately 5.8 a maximum melting point is obtained (ref. 27).

The thermal emf, o , metallic systems with degenerate current carriers
is determined by the following relationship (ref. 28)

e 2 >

where c_, ~ q(e) (ref. 29) is the capacity of current carriers and a derivative
of the log is taken on the Fermi surface (eF). Since gq(e) and T(e) are power
functions of energy electrons (refs. 17 - 19) at constant temperature one may

write @ ~ ¢ (¢)--the power function of energy. Figure 4 shows the relationship

9
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Figure 5. Thermal conductivity (A, W/m-deg) as a function
of composition of carbide (1 - x); thermal conductivity:

1--total, 2--lattice; a--ZrC_, b--NbC_.

of the thermel emf of MeC_ carbides (Me = Zr, Nb, Ti) to composition (1 - x).
It is apparent that the concentration dependence of ¢ (¢) ~ & and f (e), de-
rived from electrical resistance, for the same carbides are qualitatively the
same and thus support the above indicated difference between the carbides of
metals of group IV and group V.

The dependence of thermal conductivity of ZrCX and NbCX carbides on the
composition is indicated in ¥Figure 5, a and b. Using the well known Wiedemann-
Franz relationship (ref. 17), the lattice thermal conductivity A4 Was cal-

culated for substances and it is also shown in figure 5. It is apparent that

Aiat 18 almost independent of the carbon content in carbides displaying only

a slight decrease with increase of the carbon deficiency.
According to the data of reference 30 the lattice thermal conductivity

of cubic crystals is a function of energy U and the interatomic distance r in

the following manner:
const . u's

Src I T (6)

10




where M is the mean mass of atomle components.
Using the relationship of lattice energy and interatomic distances in MeX
-
compounds as a function of the valence of the components f and the atomic

number, derived by Sarkisov in reference 31 we may write:

const (aMefMe—}-a_,_./z)'/' ]
(Fate +FL2+Fh)

v

o

. const/ (F ;’i’e + I"Z’ + F',/S)

re=

(“Mef Me + azl z)./’

lv A 1 2

4 n 1 2
(02 00 03z 0%
0.50 052 P
A rot
el
VM
. . - ] »
Figure 6. Klat(w/m x deg) as a function of
. 25/6
—_— . 1 --NbC, 2--ZrC_.
i - F/2 *

For this type of structure at constant temperature we may re rite equation

(6) in the form

const I?h ‘ (7)
v ——aad Rl
oeED TR

, 3, 13, 513
where f, = Sefyeteclc and Fy = B /- + Fo 7+ F; [fMe and fC are the number

of valence electrons for the metal and carbon (4 for Zr and C and 5 for Nb),

11

/2381



F - A - - 5 : .
Me,C = a (ZMeC fMeC) and Ff gi’ z is the atomic number of the component; a

is its atomic fraction in the compound] 25/6
f.
i .
Table 2 shows the values of function ——-——775—— for ZrCX and NbCX carbides
VMCF
in the region of their homogeneity.
. 25/6
i
TABLE 2. VALUES CF FOR ZrC_ AND
VM.£,1/2 x
NbC_ . *
X
1l/ 13,
1.'e ,‘ .
Phase L. ¥
vyM . Fil' xphase VM. F';/’
|

7rCy.o 0.337 NbCi 0.529
ZrCo.o 0,327 NbCy o 0.525
ZTCo_a 0.318 NbCo's 0.524
2rCoq 0.301 NbGCy 7 0.522
2rCo.g 0.295 NbCy g 0516 -

. 25/6

It 1s apparent that function ___i_77___ which determines the lattice
VM Fy

thermal conductivity in equation (7) is very slowly decreasing with increase
of the carbon deficiency (1 - x) (by 2 percent within the limits of homo-
genelity region of NbCX and 12 percent within the homogeneity region of ZrCX).
This corresponds to the observed insignificant decrease of the lattice thermal
conductivity (5 percent within the limits of the homogeneity region of NbCX

and 12 percent within the limits of the homogeneity region of ZrCX).

25/6
Figure 6 shows a direct proportionality between kl and i which
a

:M.Fi772

supports the applicability of formulas (6) and (7) to the considered phases of

variable composition.

12



Conclusions

The investigations of the electrical and thermal properties of monocarbides
of metals in the IV and V groups have shown that there is a significant dif-
ference between those properties of MeIVCYX and MeV Cx carbides which are
associated with the state of the electron collective in %gg; substances and
apparently results from a difference in the effective valence of the transi-
tion metals of these groups. At the same time carbides of Mel¥iand MeV CX
carbides display a similarity with respect to properties which are associated
with lattice dynamics--modules of elasticity Me 62, lattice thermal conductivity
and the thermal expansion coefficient.

The authors express their gratitude to R. G. Averée for his attention to

this work and valuable suggestions.
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